In this paper, the design of a constrained adaptive backstepping flight control law based on prescribed performance bound is discussed for a flying wing aircraft longitudinal control with actuator stuckness or failures, saturation nonlinearity of actuators considered. By prescribed performance, the convergence rate and maximum overshoot of the tracking errors are restrained within prespecified values. Faults of actuators are handled by online update laws which can estimate the fault parameters, thus reducing the effect of faults on control accuracy. Second-order low-pass command filters are introduced to limit the deflection angles of elevators and throttle levels, therefore avoiding saturation of actuators and the complex derivative computation in the backstepping process. In addition, control allocation strategy is designed to reduce the effect of faults on the lateral motion. The stability of the closed-loop system and the convergence of parameters are proved. Computer simulation shows that the closed-loop system is stable, the control law tracks reference trajectories well, and the actuators are within their physical limits in the presence of actuator faults.
I. Introduction
Tailless flying wing aircraft [1] [2] [3] have gotten wide research and application in fighters for their light weight, good stealth and flexible maneuverability, and have been deemed to be a new trend of civil aircraft. However, it is the flying wing layout that brings about some new challenges for flying wing aircraft [4] [5] . Without a horizontal tail, flying wing aircraft have bad longitudinal stability and maneuverability for short moment arm. Without a vertical tail, they have bad lateral stability. Advanced control surfaces are introduced, including elevons that can achieve both pitching and rolling control and drag rudders that work as both rudders and drag plates, which results in serious coupling between the control surfaces. Therefore, there exist many problems difficult to solve with the traditional control methods, and it's very necessary to study new methods for the flying wing aircraft control systems. Moreover, actuators are the components of systems most prone to failures due to the frequent execution of tasks. And physical limitations impose magnitude, rate, and bandwidth constraints on the control surface deflections and the aircraft states. Problems researchers face are how to design fault-tolerant control (FTC) laws of tailless flying wing aircraft with actuator failures, how to reasonably allocate the desired control to each surfaces for maximum control efficiency, and how to avoid saturation of control surfaces.
However, the existing literatures on FTC of tailless flying wing aircraft with actuator failures are rare. Direct adaptive compensation control [6] [7] [8] [9] , a kind of active FTC [10] [11] , has been widely studied and applied, because it needs neither fault diagnosis and isolation unit nor readjustment of the form of control law in the presence of failures. In [12] , a backstepping adaptive compensation control law is designed for a class of multi input and multi output (MIMO) systems with combined actuator faults, with the outputs of the system tracking the reference signals stably and asymptotically. But the saturation of control surfaces is not under consideration, and the method can only be applied to systems that can be transformed into lower triangular form. In [13] and [14] , command filters are introduced to implement the constraints on the control surfaces and the virtual control states by J. A. Farrell et al. In [13] , a command filtered backstepping control method, which covers all affine nonlinear systems, except for systems with uncertain parameters, is proposed for a known system with input constraints. In [14] , a command filtered adaptive backstepping control method is proposed, with uncertain system parameters estimated by adaptive 1 parameter adjustment law. Thus it is applicable to systems with control surface failures. But the author designs the control law aiming at single input single output (SISO) systems and using first order command filters. In [15] , a command filtered adaptive backstepping control law is designed to solve the FTC problem of conventional aircraft with structural damage, and a good result is achieved. However, the command filters are aiming at avoiding the tedious analytic computation of virtual control signal derivatives and the constraints on the control surfaces and the virtual control states aren't implemented. Hence, the control efficiency will be discounted in the presence of saturation. Additionally, because of the uncertainty of the actuator faults, the system can't get guaranteed transient performance. In [16] , authors propose the prescribed performance bound (PPB) based design way, which can characterize the convergence rate and the maximum overshoot of the tracking error, to improve the transient performance of adaptive systems. The tracking errors can be guaranteed within the prescribed error bounds all the time as long as the stability of the transformed error system is ensured. The scheme of [16] is further extended to MIMO nonlinear systems in [17] [18] .
In this article, for a MIMO flying wing aircraft system with stuck or partial loss failures of the actuators, we analyze the characteristics of failures and propose a command filtered adaptive backstepping approach based on PPB. Prescribed error bounds are given to improve the transient performance of the system. Online estimation of fault parameters compensates the effect of actuator failures on control accuracy. Second order command filters are employed to accommodate magnitude, rate, and bandwidth constraints on the actuator signals as well as the intermediate control variables used in the backstepping control approach. The effects of these constraints on the inputs and states are estimated by first-order filters and removed from the parameter update laws so that the parameter estimation process will be stable even when these limitations are in effect. In addition, control allocation strategy can reduce the effect of faults on the lateral motion. An additional advantage of this approach is that the two other main drawbacks of the adaptive backstepping methods are also eliminated, that is, the tedious analytic computation of virtual control signal derivatives and the restriction to nonlinear systems of lower triangular form. At last, the stability of the closed-loop system and the convergence of parameters are proved. Computer simulation shows that the control law has good tracking even when actuators fail.
II. Aircraft Dynamics
The control law design is based on the nonlinear longitudinal model of a tailless flying wing aircraft which has an aerodynamic layout with an s-shaped inlet arranged on the surface of blended wing body, two inboard engines by the two sides of the body, and three single undercarriages set in a triangle. All the control surfaces are set by the serrated trailing edge in the shape of "double W", including three pairs of elevons, a pair of drag rudders and a "beaver tail". Among them, two pairs of elevons are used as elevators and ailerons respectively, another one as redundant control surfaces, drag rudders as rudders as well as speed brake, "beaver tail" as the surface for longitudinal trim. All the control surfaces are in their mechanical limitations, elevons in 25 25 -°+°:
, and drag rudders in 0 90°±°:
. The control surfaces are arranged as Fig. 1 .
Figure 1. Configuration diagram of control surfaces
First, make the following assumptions about the aircraft and its flight environment: the earth is the inertial reference frame; the plane is a rigid body and its mass is a constant; the acceleration of gravity does not vary with altitude; the density of the atmosphere is a constant. In addition, assume that three pairs of elevons have equivalent control efficiency, that is, the same deflection angles of them cause the same pitching or rolling moments. Referring the aircraft-body coordinate frame, a kinematics equation of six freedom degree describing the motion of the aircraft is established, specific parameters in [19] . The longitudinal model, obtained by decoupling with two control inputs, including two engine throttle and two pairs of elevators (elevons in Fig. 1 , hereinafter called as elevators collectively ), can be expressed as where V is the velocity, a is the attack angle, q is the pitch angle, q is the pitch rate. The input t u is the total engine throttle level, i.e., 1 2 ( )
The input e u is the total elevator angle, i.e., 
G are as follows. 
where m is the mass, S is the wing area, r is the air density, A c is the mean aerodynamic chord, y I is the moment of inertia. max
T is the maximum thrust of one engine and (sin sin cos cos ) g g a q a q = +
, and g is the acceleration of gravity. The ith actuator failure to be considered is modeled as The control objective is to design a fault-tolerant control law for plant (1) with failures (4) so that the closed-loop system can keep stable and track the given reference signals asymptotically.
III. Nonlinear Fault-tolerant Controller Design
The The reference signals are Only assumption 1 stands, can the aerodynamic coefficients in (2) be viewed as constants, thus does system (1) make sense. If the reference trajectories are continuous and smooth, assumption 2 will hold.
Then, the definition of command filter is given as follows. We choose a second-order low-pass command filter and express it with 1 2 [ , ]
T. Assume that the signal to be treated is 0 c a , then the command filter is defined as (6).
represent the magnitude and rate limit functions, respectively. These saturation functions are defined similarly as if
The desired virtual control signal 0 c a is filtered to produce the magnitude, rate, and bandwidth limited virtual control signal c a and its derivative c a& that satisfy the limits imposed on the control variable.
A. Prescribed Performance Bound Based Transformed System
The objective in this section is to ensure the transient performance in the sense that the tracking errors First, a strictly increasing function ( ) S n is designed to meet the following conditions
Then, if ( ) ( ) ( )
e t can meet condition (8) . Hence, we design ( ) S n as ( ) 
where
It can be proved that ( ) S n meet condition (9) . From (9) and (10), the transformed tracking errors i n are solved as
where ( ) ( ) / ( ) 
B. Design of the control law
The command filtered adaptive backstepping control law can be designed according to Fig. 2 . The nominal virtual control law to be designed is denoted as 
If saturation does occur, the actual tracking errors z ij may increase. 
To guarantee the stability of the closed-loop system, we design the nominal virtual control laws as [ , , , IV. Stability Analysis Theorem 1 For system (1), control law (17) and parameter update law (19) can ensure that all the variables are bounded and the modified tracking errors z ij approach to zero asymptotically.
Proof Under the former definitions, differentiate (16) , and substitute (14), (15), (17) , and (20) 
where Using the Barbalat theorem [20] , it follows that 11 21 22 lim z 0, lim z 0, lim z 0
Hence, the closed-loop system is asymptotically stable and the modified tracking errors approach to zero asymptotically. This means that during periods when there is no saturation, z ij will converge to z ij . If saturation does occur, the actual tracking errors z ij may increase, but the modified tracking errors z ij will still converge to zero and the estimation process remains stable. Thus, ( ) i e t are bounded and approach to zero. Under the control law (17) and parameter adjust law (19) , system (1) is stable and tracks the given signals asymptotically.
V. Simulation Result
Under a cruising altitude of 11 kilometres and velocity of Ma 0.6, the flying wing aircraft is trimmed at 4 degree's angle of attack, 4 degree's pitching angle, 0.3041's throttling level and -7.1742 degree's deflection of Saturation limits of command filters in range and deflection rate are listed; see Table 1 . Tune the controller gains, frequency and damp ratio of the command filters and parameter update law gains until the designated states track the reference signals best. Table 2 shows the selected command filter parameters. Figs. 3-7 show the simulation results. Table 2 . Parameters of the controllers steady performance of the tracking error of pitch rate are improved obviously from figs. 4. In addition, in PPB case, the steady-state error of velocity is about 0.5 and that of pitch rate is between -0.18 and 0.25, which are both within the desired bounds. Fig. 5 shows the response curves of the angle of attack and the pitch rate. It can be seen that the system is basically stable without big up and down, except for an apparent oscillation at the beginning for velocity tracking. Fig. 6 shows the curves of throttle level variations of two engines and the total level, from which it can be seen that the two throttle levels come into saturation at some observational stages, but the control commands won't exceed the limits for the sake of command filters. Fig. 7 shows the curves of deflection of four elevators. At 80 s, 1 e u is stuck, thus deflection of the other three elevators increase fast; 2 e u loses partial effectiveness at 120 s, thus deflection of the other two elevators increase fast. That is, when some elevators fall into failures considered in this paper, the redundant control surfaces will work to compensate the bad influence of faults. Hence, the velocity, angle of attack, pitch angle and pitch rate have no obvious fluctuation. It's also apparent from Fig. 7 that deflection of all elevators comes into saturation at the beginning, but the control commands won't exceed the limits for the sake of command filters. Hence, under the control variables shown in Figs. 6-7 the tracking effectiveness in Fig. 3 is available for an actual aircraft. If command filters are not introduced to the control law, the desired control signals will exceed the mechanical limits of actuators and the tracking effectiveness will be discounted for actual aircraft.
VI. Conclusion
The proposed command filtered adaptive backstepping flight control law based on PPB has good fault tolerance ability and can avoid saturation of actuators, and the system could get guaranteed transient performance. Appropriate designated parameters can ensure that the closed-loop system keeps stable and tracks the given reference signals well. Simulation results verify the validity of the proposed method. For a flying wing aircraft, with actuator stuckness or loss of effectiveness, the control of lateral part is much more difficult, which will be studied next.
